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HIGHLIGHTS 21 
• Changes in injection strategy have strong effects on NOx and PM1.0 emissions; 22 
• Engine coolant temperature resulted in the changes in engine injection strategy; 23 
• CO and particles emitted significantly during the first 20 seconds of cold start; 24 
• Fuel sulphur content was associated with an increase in particulate matter emissions; 25 
• In coastal areas and ports, auxiliary engines significantly contributed to emissions.  26 
 27 
  28 
GRAPHICAL ABSTRACT 29 
 30 
Abstract 31 
Emissions from ships at berth are small compared to the total ship emissions; however, they are one of main 32 
contributors to pollutants into the air of densely-populated areas consequently affecting on public health 33 
heavily. This is due to auxiliary marine engines being used to generate electric power and steam for heating 34 
and providing services. The present study has been conducted on an engine representative of a marine auxiliary, 35 
which was a heavy duty, six-cylinder, turbocharged and after-cooled engine with a high pressure common rail 36 
injection system. Engine performance and emission characterisations during cold start are the focus of this 37 
paper, since cold start is significantly influential. Three tested fuels were used, including the reference diesel 38 
and two IMO (International Maritime Organization) compliant spiked fuels. The research engine was carried 39 
out at a constant speed and 25% load condition after 12 hours cooled soak. Results show that during cold start, 40 
significant heat generated from combustion is used to heat the engine block, coolant and lubricant. During the 41 
first minute compared to the second minute, emissions of particle number (PN), carbon monoxide (CO), 42 
particulate matter (PM), and nitrogen oxides (NOx) were around 10, 4, 2 and 1.5 times higher, respectively. 43 
The engine control unit (ECU) plays a vital role in reducing engine emissions by changing the engine injection 44 
strategy based on the engine coolant temperature. IMO compliant fuels, which were higher viscosity fuels 45 
associated with high sulphur content, resulted in an engine emission increase during cold start. It should be 46 
taken into account that auxiliary marine diesel engines, working at partial load conditions during cold start, 47 
considerably contribute to emissions in coastal areas. It shows a need to implement practical measures, such 48 
as engine pre-heating, to obtain both environmental and public health advantages in coastal areas. 49 
Key words: IMO regulations, Cold start emissions, Net of heat release rate, Engine injection strategy, Marine 50 
auxiliary diesel engine.  51 
1. Introduction 52 
Cold start is defined by the Commission Regulation European Union (EU) 2017/1154 as the period of time 53 
from the first start of the engine (after minimum soak time of 12 hours, or 6 hours with forced cooling) until 54 
its coolant temperature has reached 343 K (70 oC). During cold start, the main engine block, engine coolant 55 
and lubricant temperature are low, being similar to that of the ambient air temperature and consequently sub-56 
optimal for engine combustion, resulting in higher amount of fuel consumed and higher engine emissions 57 
(Roberts et al., 2014; Zare et al., 2018). Moreover, increasing of friction losses and decreasing of indicated 58 
thermal efficiency have been observed at low temperatures with subsequent higher lubricant viscosity (Roberts 59 
et al., 2014). A previous study also found that a cold engine block condition results in uncompleted combustion, 60 
consequently affecting engine emissions (Cao, 2007). Similarly, a recent study found that during cold start 61 
engine friction losses are three times higher than that of a warmed-up engine (Will and Boretti, 2011). These 62 
authors also stated that in order to maintain engine brake output power and to compensate for high friction 63 
losses during cold start, a greater quantity of fuel injection is needed. This is, during cold start, in agreement 64 
with another study showing a 13.5% rise in engine brake specific fuel consumption, compared to engine 65 
operation during hot start condition (Samhaber et al., 2001). 66 
 67 
Cold start condition-related engine emissions significantly contribute to total engine emissions (Arumugam 68 
Sakunthalai et al., 2014; Reiter and Kockelman, 2016; Zare et al., 2018). A previous report showed that over 69 
40% of total emissions of diesel engines were associated with the first three minutes of operation (Bielaczyc 70 
et al., 2001). A recent study by Chen et al. (2017) showed that more than 50% of total particulate matter (PM) 71 
and particle number (PN) emissions from a standard driving cycle, the New European Driving Cycle (NEDC), 72 
was related to Phase 1 which is cold start. Marine auxiliary engines, compared to NEDC engines, normally 73 
experience the sudden and large load changes during loading and unloading cargo conditions when the ship is 74 
at berth. Therefore, it is believed that cold start emissions can account for a significant proportion of total 75 
marine engine emissions. In addition, a remarkable portion of daily driving starts and stops when the engine 76 
block temperature is still lower than its normal operation (Reiter and Kockelman, 2016). In actual fact, engine 77 
operation during cold start, an unavoidable fraction of the daily driving timetable, can remarkably contribute 78 
to a high portion of vehicles in highly-dense population areas such as cities (André, 1991). However, almost 79 
all of previous research have only concentrated on engine operation during hot start (Zare et al., 2017). 80 
 81 
Shipping is evaluated as one of the most fuel-efficient modes of global transportation, compared to other forms 82 
of transport (Corbett, 2003). It accounts for over 80% of global trade and is forecasted to increase in the coming 83 
years (IMO, 2009; United Nations, 2017). However, exhaust emissions emitted from marine diesel engines 84 
have harmful impacts on the environment and consequently on human health. As such, they have become of 85 
international issue over the last years (Anderson et al., 2015; Blasco et al., 2014; Corbett et al., 2007; Di Natale 86 
and Carotenuto, 2015; Mueller et al., 2015; Reda et al., 2015; Ristovski et al., 2012; Winnes et al., 2016). Over 87 
70% of emissions from ships may be measurable up to 400 km inshore and have a significant contribution to 88 
an increase in concentrations of particulate matter as well as of gaseous pollutants in areas closer to harbours 89 
(Eyring, 2005; Eyring et al., 2010). Although emissions from marine engines at berth account for only a 90 
relatively small portion of the total ship emissions, at-berth emissions have some of the most considerable 91 
health impacts on the surrounding environment because of their proximity to areas of high population density 92 
(Cooper, 2003; Winnes and Fridell, 2010). While the ship is at berth, generally only the auxiliary marine 93 
engines and economisers are in operation to generate electric power and steam for heating and providing 94 
services (Chu-Van et al., 2017). Moreover, the difference between auxiliary and main marine diesel engines is 95 
that main marine diesel engines are always pre-heated before running, while auxiliary engines are typically 96 
started cold. It shows that auxiliary engines during cold start exacerbate the port emission issue, as they are 97 
mostly ultilised during ship harbour stopovers. In addition, once running, auxiliary engine load conditions 98 
continuously vary in a wide range of 30-3000 kW depending on the ship activity, especially while loading and 99 
unloading cargo (Cooper, 2003). In this case, auxiliary engines normally experience unsteady or transient 100 
conditions, which are believed to promote engine emissions (Zare et al., 2018). However, this study does not 101 
examine transient conditions.  102 
 103 
The International Maritime Organization (IMO) is a specialised branch of the United Nations (UN) which 104 
issues global regulations on the safety, security and environmental performance of global shipping. In 105 
particular, Annex VI of the International Convention for the Prevention of Pollution from Ships – the Marine 106 
Pollution Convention – MARPOL was adopted by the 1973 Convention, and then modified by the 1978 107 
Protocol with regard to limit the harmful impacts of emissions from ships on air quality (IMO, 1997). These 108 
regulations were effective on 19th May 2005 to reduce nitrogen oxides (NOx), sulphur oxides (SOx) and PM 109 
from marine engines. These regulations control the sulphur (S) content of marine fuels to 0.1% (by mass) in 110 
Emission Control Areas (ECAs) by 2015 and to 0.5% globally by 2020 (Chu Van et al., 2019). The reduction 111 
in PM2.5 emissions (by mass) is a result of using low S fuels (Sofiev et al., 2018). This study stated that cleaner 112 
marine fuels by 2020 will significantly contribute to the reduction of global ship-related morbidity and 113 
premature mortality by 54 and 34%, respectively. However, marine fuels with lower S content will still 114 
significantly contribute to the number of annual related fatalities (~250,000 deaths) as well as ~6.4 million 115 
cases of childhood asthma. Therefore, more studies related to IMO compliant fuels are necessary in order to 116 
understand ship emission characteristics more thoroughly. 117 
 118 
Based on a review of the relevant literature related to ship emissions, there are no similar publications on ship 119 
emission measurements during cold start using IMO compliant fuels. In the present study, test-bench 120 
measurements were carried out on a marine auxiliary, heavy duty, six-cylinder, turbocharged and after-cooled 121 
diesel engine with a high pressure common rail injection system with regard to investigate engine performance 122 
and emission characterisations during cold start. The research engine was examined at a constant speed (1500 123 
rpm) and 25% load condition under engine cold start conditions (after 12 hours cooled soak). The fuel S 124 
contents were selected related to the current and up-coming IMO regulations.  125 
2. Methodology 126 
2.1. Tested engine specification 127 
This experimental investigation used a heavy duty, six-cylinder, turbocharged, after-cooled diesel engine with 128 
a high pressure common rail injection system located in the Biofuel Engine Research Facility (BERF) at 129 
Queensland University of Technology (QUT). This engine is consistent with marine auxiliary diesel engines; 130 
however, it is not marinised. The engine was coupled to an electronically controlled water brake dynamometer 131 
which controls the engine load conditions. Fuel flow rate in litres per minute (LPM) and intake air flow rate in 132 
kg s-1 were measured at 1 Hz from the CAN-Bus, while the flow rate of exhaust gas was calculated from these 133 
two above-measured flow rates. The CAN-bus (the controller area network bus) is the current interface to 134 
engine operation data transmitted between engine control units (ECU). An analogue-to-digital converter (Data 135 
Translation DT9832) received the signals from an in-cylinder combustion pressure transducer (Piezoelectric 136 
Transducer, Kistler 6053CC60, with -20 pC bar-1 manufacturer stated sensitivity), crank angle sensor (Kistler 137 
type 2614, manufacturer stated resolution of 0.5 crank angle degrees) and engine fuel injection. A commercial 138 
blow-by sensor was used to measure engine blow-by flow rate in LPM sampled at 1 Hz from the engine 139 
crankcase. Table 1 illustrates the main test research engine specification information. Further information of 140 
the engine specifications can be seen in previous studies (Bodisco and Brown, 2013; Hossain et al., 2017; 141 
Mitchell et al., 2017; Surawski et al., 2014; Zare et al., 2017).  142 
 143 
Table 1. Tested research engine specifications  144 
Item Specification 
Model Cummins ISBe220 31 
Cylinders 6 in-line 
Capacity (L) 5.9 
Bore x Stroke (mm) 102 x 120 
Maximum Torque  820 Nm @ 1500 rpm 
Maximum Power  162 kW @ 2500 rpm 
Compression Ratio 17.3:1 
Aspiration Turbocharged (waste gated) & after cooled 
Injection Type High pressure common rail 
Dynamometer Type Electronically controlled water brake dynamometer 
Emission Standard Euro IIIA 
 145 
Fig. 1 presents the schematic diagram of the experimental set-up. The first sampling point was used for raw 146 
exhaust measurements by a Testo 350 Portable Emission Analyser for gaseous concentration including sulphur 147 
dioxide (SO2), NOx, carbon monoxide (CO), carbon dioxide (CO2), oxygen (O2), and unburned hydrocarbons 148 
(HCs). The raw hot exhaust gas was sampled directly to the DMS 500 Fast Particulate Spectrometer 149 
(Cambustion, Cambridge, UK) dilution systems (2-stage dilution systems) from the second sampling hole. In 150 
particular, raw exhaust was first diluted with hot air at a temperature of 150 oC and at a fixed dilution ratio 151 
(DR) of 5. The diluted sample was then transferred to the second dilution stage via a heated sampling line to 152 
prevent condensation of water and volatile organic compounds (VOCs). The secondary dilution stage was a 153 
high ratio rotating disc diluter with a DR range of 20-500. A DMS 500 was used to measure particle number 154 
size distributions in the size range of 5 nm – 1.0 µm with a sample frequency of 1 Hz. CAI (California 155 
Analytical Instruments) NOx and CO2 analysers also operated from the second sampling point. The third 156 
sampling point was firstly diluted through the dilution tunnel and then divided into two paths. The first path 157 
was used for a DustTrakTM II Aerosol Monitor 8530 (TSI Incorporated, Minnesota, USA), which is a light-158 
scattering laser photometer giving real-time aerosol mass readings, was used to measure mass concentrations 159 
of PM10, PM2.5, and PM1.0. The other path was used for a Sable CA-10 carbon dioxide analyser. More detailed 160 
descriptions of measurement instrumentation can be found in previous studies (Chu-Van et al., 2018a; Chu-161 
Van et al., 2018b). 162 
 163 
 164 
Fig. 1. Schematic diagram of experimental set-up 165 
 166 
2.2. Fuel preparation 167 
Three fuels were tested in the present experiment and their fuel properties are shown in Table 2. The focus of 168 
the present study is investigating the effect of fuel S contents. Selected fuel S contents were 0.1% and 0.5% 169 
(by mass), related to S regulations issued by IMO applying in ECAs by 2015 and globally by 2020, 170 
respectively. The S-species in diesel and heavy fuel oil (HFO) are not expected to be the same because of the 171 
large differences in the volatility of these two distillation cuts. The literature is not clear on the exact 172 
distribution of specific S-species in this case. However, as a compromise and for chemical simplicity, 173 
dibenzothiophene, a typical S-containing compound found in both diesel and HFO, has been selected in the 174 
present study. A detailed explanation for selecting this S-containing compound can been seen in a previous 175 
study (Chu-Van et al., 2018a). Vanadium (V) and iron (Fe) are the common trace metals in HFO and are also 176 
un-regulated by IMO. Nevertheless, S is the priority of this research, so the fuel V and Fe contents were chosen 177 
and kept constant at 15 and 10 ppm, respectively for the two spiked fuels. It should be noted that the reference 178 
diesel fuel was not spiked with V and Fe. Further details about these metal contents can be found in a previous 179 
study (Chu-Van et al., 2018a). Chemicals containing S, V and Fe contents including dibenzothiophene, 180 
bis(cyclopentadienyl)vanadium (II) and ferrocene, therefore, have been purchased and used to spike the diesel 181 
in order to make its chemical composition similar to HFO. It is proposed that spiking diesel in this way enables 182 
the physico-chemical properties of HFO combustion to be mimicked in a marine engine. A detailed fuel quality 183 
certificate of the reference distillate diesel can be seen in the Supporting Information (Fig. S1). 184 
 185 
Table 2. Properties of spiked fuels 186 
Parameters Units Methods Diesel  S0.1 S0.5 
Density at 15 °C  kgL-1 ASTM D4052 0.838a 
0.844b 
0.847b 0.85b 




Lubricity mm IP 350 0.412a - - 
Carbon (C) % mass - 87.103b 88.715b 86.249b 
Nitrogen (N) % mass - 0.054b 0.041b 0.039b 






Vanadium (V) mgkg-1  ASTM D7111 <1c 13c 14c 
Iron (Fe) mgkg-1  <1c 8c 8c 
HHV*  MJkg-1 ASTM D240 45.64b 44.31b 43.68b 
(a from CALTEX, b tested at QUT; c tested at Hasting Deering; * Higher heating value) 187 
 188 
2.3. Experimental procedure 189 
The cold start experiments were carried out in the present study after an overnight engine-off time (a minimum 190 
of 12 hours soak). The engine speed of 1500 rpm was chosen to correspond to a typical auxiliary marine engine 191 
speed. Engine load of 25% was selected since the study’s priority is to investigate the effect of the engine body 192 
temperature during cold start on engine performance and emissions, but not for the engine load impact. During 193 
the test, after each fuel shift, fuel line system was thoroughly cleaned by flushing for 30 minutes with the next 194 
day’s test fuel. This way, the next day’s test fuel will be available in the engine fuel system and be ready for 195 
the next experiment. Several preliminary tests have been done to confirm that 30 minutes are sufficient to 196 
remove all traces of the previous fuel. However, the switching fuel time from HFO to marine gas oil (MGO) 197 
before approaching ECAs may vary greatly for the actual ship engine fuel systems. The measured engine 198 
performance and emission results were analysed within the first 120 s (2 minutes) of the cold start period. It is 199 
believed that during this period both engine performance and emissions behave totally differently compared 200 
to other one. Each test fuel was repeated three times and the variability of the results quantified by standard 201 
deviation calculations. The error analysis for the test repeatability is presented in the Supporting Information 202 
(Tables S1, S2 and S3). The engine performance and emission results in the graphs herein are representative 203 
of averaged values. 204 
 205 
3. Results and Discussion 206 
3.1. Engine performance during cold start 207 
The main focus of the test was to look at the cold start impacts on engine performance and engine emissions. 208 
The constant engine speed of 1500 rpm and engine load of 25% were maintained in order to see the effect 209 
during the cold start period. In particular, for each test, the research engine was started after an over-night soak 210 
and immediately adjusted to obtain the target speed and load as can be seen in Fig. 2a. During cold start the 211 
engine speed, along with the amount of fuel injected, were kept constant, however engine brake power 212 
gradually increased. This may be due to the increase in engine temperature resulting in friction loss decrease 213 
and improved engine thermal efficiency. This will help to increase engine torque and output power.  In the 214 
literature, it is reported that a large proportion of total emissions is normally generated within the first minutes 215 
of cold start (Bielaczyc et al., 2001). So in the present study, engine performance and emissions were 216 
thoroughly analysed in the first two minutes of cold start. Figs. 2b, 2c and 2d show the coolant and lubricant 217 
temperature increasing gradually from engine start until stable values are attained. It can be seen in Fig. 2a, 218 
the temperature rise rate for both coolant and lubricant are slightly higher for reference diesel use, compared 219 
to spiked fuels use. This may be due to a small difference in ambient temperature owing to weather conditions 220 
and the calorific value of the tested fuels. In addition, the coolant temperature rise rate is significantly higher 221 
than that of lubricant, which is observed for all tested fuels. Temperatures of coolant and lubricant are the 222 
variables used by the engine management system and are controlled by thermostat in order to maintain the 223 
coolant and lubricant temperatures in the range of 80-98 oC, and 95-98 oC, respectively. 224 
 225 
 226 
Fig. 2. a) Custom test designed for this study; b, c, d) Coolant and lubricant temperature during cold 227 
start 228 
 229 
Figs. 3a and 3b show the in-cylinder pressure for reference diesel and IMO compliant fuels. In-cylinder 230 
pressure was averaged for every 20 s (250 cycles) in the first two minutes during cold start. It means that there 231 
are 6 different in-cylinder pressure values, which are nominated as 10, 30, 50, 70, 90 and 110 s, respectively; 232 
during the first 120 s cold start period. The reference diesel represents a higher value of in-cylinder combustion 233 
pressure than that of the spiked fuels. This is mainly due to the higher calorific value of diesel, compared to 234 
spiked fuels, which can be seen in Table 2.   235 
 236 
 237 
Fig. 3. a, b) In-cylinder pressure; c) Rate of heat release curves for reference diesel and IMO compliant 238 
fuels during cold start during cold start. 239 
 240 
Fig. 3c shows the rate of net heat release curves (HRR) for different tested fuels during cold start. The HRR 241 
for 10, 30 and 50 s behave notably different to the others, which are observed for all tested fuels. This may be 242 
due to the influence of the pilot/main injection (for 10, 30 and 50 s) compared to single injection (for 70, 90 243 
and 110 s) as can be seen in Fig. 4. Another trend with respect to HRR observed for all tested fuels is that an 244 
increase in HRR corresponds to an increase in temperatures of engine block, engine coolant and lubricant. This 245 
may be due to the heat losses for transmitting to cylinder liner decreasing along with the increasing of engine 246 
block and coolant temperature. Higher engine thermal status results in better air and fuel mixture formation, 247 
which can improve the quality of engine combustion. 248 
 249 
Fig. 4. a) Start of injection (SOI) and start of combustion (SOC) during cold start; b) Engine injection 250 
strategy and coolant temperature relationship 251 
 252 
The changes in shape of in-cylinder combustion cylinder pressure curves observed in Figs. 3a and 3b are 253 
consistent for all tested fuels during the first 2-minute cold start. Normally, as the engine block and coolant 254 
temperature get warmer, the charge air loses less heat to the cylinder walls, resulting in higher in-cylinder 255 
pressure. The abnormal trend in in-cylinder pressure curves was observed at 10, 30 and 50 s compared to 70, 256 
90 and 110 s. This can be explained by start of injection (SOI), start of combustion (SOC), and engine injection 257 
strategy, which are presented in Figs. 4a and 4b. The SOI was determined through direct interrogation of the 258 
differential voltage applied to the injector of the first cylinder and meta-heuristic parameter optimisation was 259 
used to data-fit a model against the band-pass filtered in-cylinder pressure signal to determine the SOC. This 260 
technique identifies the point at which the combustion chamber resonance commences and hence combustion 261 
itself. During combustion the chamber is acoustically excited, this acoustic excitation causes fluctuations in 262 
the measured pressure signal. The onset of these fluctuations has been used to find the start of combustion 263 
using the accurate Bayesian method (Bodisco et al., 2013). A key advantage of using the band-pass filtered in-264 
cylinder pressure signal for the determination of the SOC is that there is no requirement to differentiate the 265 
signal. At the point of combustion, in-cylinder pressure signals are often noisy and differentiation exasperates 266 
this, complicating any analysis including the determination of SOC. Further details about the determination of 267 
both SOI and SOC can be found in Bodisco et al. (2013). Based on the engine coolant temperature, ECU 268 
automatically adjusts the fuel injection strategy during cold start. In particular, as the engine coolant 269 
temperature is less than 30 oC, there is both pilot and main injection, but the engine changes injection mode 270 
from pilot/main to single injection when the engine coolant is 30 oC. ECU continuously changes injection 271 
timing (from 352 to 362 deg) when engine coolant is 70 oC, as can be seen in Fig. 4b. It should be noted that 272 
it took around 350 s for the engine coolant to get 70 oC (Fig. 2b), while SOI and SOC data shown in Fig. 4a 273 
were within the first 2 min (120 s). The reasons for the observed engine injection changes may be due to engine 274 
manufacturer optimisation aiming to reduce engine emissions and/or to limit the maximum in-cylinder 275 
pressure (preventing mechanical stress). The time that ECU changes fuel injection mode (from pilot/main to 276 
single injection) is different for particular tested fuels, as can be seen in Fig. 4a. The fuel injection mode started 277 
to change at the 53rd, 59th and 62nd second during the first 2-minute cold start for reference diesel, S0.1 and 278 
S0.5, respectively. These values can be seen clearly in Fig. 2d, which also shows that the corresponding coolant 279 
temperature was 30 oC in each case at this point. 280 
 281 
3.2. Engine emissions during cold start 282 
Figs. 5a and 5b reveal CO and NOx emissions during cold start for different tested fuels. It is obvious that 283 
during cold start, the main engine block, temperatures of engine coolant and lubricant are sub-optimal for 284 
combustion, resulting in higher engine emissions. All of the tested fuels show the highest CO emissions during 285 
the first 20 s of cold start. However, fuels with higher sulphur content emitted higher CO than that of the 286 
reference diesel. This is most likely due to differences in fuel viscosity, in which higher viscosity values were 287 
measured for the spiked fuels (Table 2) and/or different fuel chemical characteristics. A combination of lower 288 
engine block temperature and higher fuel viscosity make CO emissions the highest value for S0.5. This should 289 
be taken into consideration, since IMO compliant fuels will be widely used for both main and auxiliary diesel 290 
engines, especially in harbour areas. The emission of NOx is greatly determined by temperature of engine 291 
combustion chamber. NOx emissions observed in Fig. 5b show a gradual increase along with increasing engine 292 
cylinder liner and coolant temperature. However, a sudden drop in NOx emissions may be attributed to the 293 
effect of the ECU strategy based on coolant temperature, which changed the fuel injection mode from two 294 
injections (pilot and main injection) to single injection. The pilot injection heats the engine combustion 295 
chamber prior to the main injection. This in turn creates hotter combustion of the fuel injected in the main 296 
injection. Therefore, more thermal NOx emissions were emitted during the pilot and main injection period of 297 
time. 298 
 299 
Fig. 5. a) Carbon monoxide emissions; b) Nitrogen oxide emissions during cold start for different fuels. 300 
 301 
Fig. 6a and 6b show particle number and count median diameter in both nucleation and accumulation modes 302 
during cold start. The highest PN concentration is observed for the first 20 s during cold start period as can be 303 
seen in Fig. 6a. This PN trend is consistent with all tested fuels, but IMO compliant fuels present nearly four 304 
times higher PN emissions compared to reference diesel use. This is most likely due to low engine block 305 
temperature during cold start, which can give rise to uncompleted combustion consisting of both partially-306 
burnt fuel and lubricant (Zare et al., 2018; Zare et al., 2017). This may cause an increase in concentrations of 307 
particle emissions. In addition, lower exhaust temperature during cold start can enhance homogeneous 308 
condensation of sulphuric acid in the exhaust flow, resulting in secondary particle formation, evident by the 309 
appearance of the nucleation mode. Particularly, IMO compliant fuels contain 0.1 and 0.5% S by mass 310 
respectively. It can be seen clearly in Fig. 6b that particle emissions formed in the nucleation mode are 311 
dominant for IMO compliant fuels. The influence of engine injection strategy on PN emissions is not clear for 312 
the reference diesel and S0.1; however, S0.5 shows a significant impact. Single injection mode may result in 313 
a considerable increase in PN, as can be seen in Fig. 6b. This may be associated with fuel viscosity, which 314 
presents the highest value for S0.5. Fig. 6c shows the count median diameter (CMD) of particles in both the 315 
nucleation and accumulation modes. CMD of particles in the accumulation mode for all tested fuels is around 316 
60 nm, with 10 nm for nucleation modes. Fig. 6c shows PM1.0 concentrations during cold start. The shape of 317 
the PM1.0 graph with CMD of particles in accumulation mode are quite similar. It may indicate the strong 318 
impact of particles in the accumulation mode on PM mass. Interestingly, injection strategy has a large effect 319 
on PM emissions. It shows the important role of the ECU in reducing engine emissions during cold start, 320 
especially on PM emissions. 321 
 322 
 323 
Fig. 6. a) Particle number in both nucleation and accumulation; b) Count median diameter of emitted 324 
particles both in nucleation and accumulation modes; c) PM1.0 concentration in mg/m3 during cold start 325 
for different fuels.  326 
4. Conclusion 327 
Auxiliary marine engines are predominantly used when a ship is at berth in order to generate electric power 328 
and steam. Emissions from ships at berth account for a relatively small portion of the total ship emissions; 329 
however, they possess some of the most significant health impacts on the surrounding densely-populated areas. 330 
In this study, measurements have been conducted on a marine auxiliary, heavy duty, six-cylinder, turbocharged 331 
and after-cooled diesel engine with a high pressure common rail injection system to make engine performance 332 
and emission characterisations clear during cold start. Three tested fuels were used, including a reference diesel 333 
and two IMO compliant spiked fuels. The research engine was examined at a constant speed of 1500 rpm and 334 
25% load, under cold start. Results show that during cold start, a significant heat loss from combustion spent 335 
on heating the engine block, coolant and lubricant to overcome friction losses. Engine emissions of PN, CO, 336 
PM and NOx during the first minute were 10, 4, 2 and 1.5 times higher than that of the second minute during 337 
the first two minutes of cold start, respectively. The ECU plays a vital role in reducing engine emissions by 338 
changing the engine injection strategy from two injections (pilot and main injection) when the engine coolant 339 
temperature is low (below 30 oC), to single injection when the engine gets warmer. IMO compliant fuels have 340 
a higher viscosity associated with a high sulphur content resulting in an engine emissions increase during cold 341 
start. It should be taken into account that auxiliary engines running at partial load conditions during cold start 342 
considerably contribute to emissions in coastal areas. It shows a need for the use of some practical measures, 343 
such as pre-heating, before starting engines to obtain both environmental and public health advantages in 344 
coastal areas. 345 
 346 
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